In this paper we consider the magnetosphere-ionosphere (M-I) coupling at Jupiterlike exoplanets with internal plasma sources such as volcanic moons, and we have determined the best candidates for detection of these radio emissions by estimating the maximum spectral flux density expected from planets orbiting stars within 25 pc using data listed in the NASA/IPAC/NExScI Star and Exoplanet Database (NStED). In total we identify 91 potential targets, of which 40 already host planets and 51 have stellar X-ray luminosity 100 times the solar value. In general, we find that stronger planetary field strength, combined with faster rotation rate, higher stellar XUV luminosity, and lower stellar wind dynamic pressure results in higher radio power. The top two targets for each category are ǫ Eri and HIP 85523, and CPD-28 332 and FF And.
INTRODUCTION
The construction of next-generation radio telescopes such as LOFAR has in recent years provided impetus for considering which might be the best targets for detecting exoplanetary auroral radio emissions. This attention has traditionally focused on so-called 'hot Jupiter'-type exoplanets orbiting close to their local star (e.g. Farrell, Desch & Zarka 1999; Farrell et al. 2004; Zarka et al. 2001 Zarka et al. , 2007 Lazio et al. 2004; Grießmeier et al. 2004 Grießmeier et al. , 2005 Grießmeier, Zarka & Spreeuw 2007; Stevens 2005; Jardine & Cameron 2008; Fares et al. 2010; Reiners & Christensen 2010; Vidotto, Jardine & Helling 2011) , and in such cases the auroral radio emission is assumed to be generated by a star-planet interaction, mediated either by magnetic reconnection as at the Earth or Alfvén waves such as at Io. However, Nichols (2011a) recently considered the radio emission generated by magnetosphere-ionosphere (M-I) coupling at Jupiter-like exoplanets with internal plasma sources, and concluded that such systems are also able to generate detectable emissions. In this process, shown schematically in Figure 1 , plasma is generated internally to the magnetosphere from sources such as volcanic moons or ionospheric outflow and, in a fast-rotating magnetosphere such as Jupiter's, becomes centrifugally unstable and diffuses radially away from the planet before being lost down the dusk flank of the magnetotail via the pinching off of plasmoids, in ⋆ E-mail:jdn@ion.le.ac.uk a process known as the Vasyliūnas Cycle (e.g. Hill 1979; Vasyliūnas 1983; Hill 2001; Pontius 1997; Cowley & Bunce 2001; Nichols & Cowley 2003 , 2005 Nichols 2011b ). Conservation of angular momentum requires that, as the plasma diffuses radially outward, its angular velocity drops such that a radial gradient of equatorial plasma angular velocity is set up, which when mapped along the magnetic field to the planet causes a current to flow in the Pedersen layer of the ionosphere. This Pedersen current balances through the J × B force the drag of the atmospheric neutrals on the sub-rotating ionospheric plasma, and this torque is transmitted along the field lines to the equatorial plane by the sweep-back of the planet's magnetic field out of the meridian planes, such that the Pedersen current is balanced by an associated radial current in the equatorial plane. Current continuity is maintained between these two field-perpendicular currents by field-aligned currents, the upward component of which, associated with downwardprecipitating electrons, is on Jupiter associated with the main auroral oval (Grodent et al. 2003a; Clarke et al. 2004; Nichols et al. 2009b ) and significant components of the planet's radio emissions, i.e. the b-KOM, HOM and non-Io-DAM emissions (Zarka 1998) . Nichols (2011a) showed that the best candidates for detection of such internally-generated radio emissions are rapidly rotating Jupiter-like exoplanets orbiting stars with high X-ray-UV (XUV) luminosity at orbital distances beyond ∼1 AU. The XUV luminosity is significant since it generates the ionospheric conductivity which allows intense M-I coupling currents to flow. It is also worth noting that c 2012 RAS the variable nature of very active stars tends to reduce the frequency of detection of exoplanets around such stars using radial velocity and transit methods. An obvious question is then how many internally-generated radio targets might one expect to exist, and we thus address this issue in this Letter. We determine the best candidates for detection of these radio emissions by estimating the maximum spectral flux density expected from planets orbiting F-M dwarfs within 25 pc using data listed in the NASA/IPAC/NExScI Star and Exoplanet Database (NStED, now the NASA Exoplanet Archive). We show that a number of systems may be detectable if they host massive, fast-rotating planets. The results discussed here will be of benefit for the currentlyunderway planning of observations of exoplanetary candidates using LOFAR, which will have a sensitivity threshold of ∼1 mJy at 70 MHz and ∼0.14 mJy at 240 MHz for 1 h integration . For simplicity, here we use 1 mJy as the detection threshold, and note that for higher frequencies this is thus a conservative value.
ANALYSIS
We take the X-ray luminosity LX as a proxy for the XUV band as a whole, since X-ray and EUV luminosities are broadly correlated (Hodgkin & Pye 1994) , and we employ values of LX determined from data listed in the NStED catalogue. Values of LX are either those as directly measured during the ROSAT all-sky survey (RASS), including flux detected in both the hard (0.5 -2.0 keV) and soft (0.1 -0.4 keV) passbands of ROSAT (Hunsch et al. 1999) , or calculated from the chromospheric emission ratio R ′ HK using the relation of Sterzik & Schmitt (1997) , either using the directly-measured value or that computed from the Mount Wilson S-value using the relations given by Noyes et al. (1984) . These relations are given in the Supplementary Material (SM). It is worth noting, however, that the stars with the highest XUV luminosity generally have directly-measured values. The proxies used here are typically related to the activity of the star, parameterised by the ratio LX /L bol , although here we are simply interested in LX . We do note, however, that all stars for which the Sterzik & Schmitt (1997) relation is employed have LX /L bol < −3.7, i.e. within the range of validity of the relation and not within the activity-rotation saturation zone (Güdel 2004 ).
The value of LX determined as above for each star within 25 pc (within error) listed in the NStED database is then used to determine the Pedersen conductance of the planet, which comprises a component decreasing with orbital distance as 1/R orb and a constant component induced by auroral precipitation (Nichols 2011a), i.e.
Details of the computation of the M-I coupling currents and radio power are given in previous works (e.g. Nichols & Cowley 2003; Nichols 2011a ), but briefly, the currents arise from an angular velocity gradient in the magnetosphere owing to the centrifugally-driven outflow of plasma, described by
where ρe is the distance from magnetic axis, ω is the plasma angular velocity, Ωp is the planetary angular velocity,Ṁ is the plasma mass outflow rate (taken here to be the canonical jovian mass outflow rate of 1000 kg s −1 ), |Bze| is the magnitude of the north-south magnetic field threading the equatorial plane, and Fe is the equatorial value of the poloidal flux function related to the magnetic field via B = (1/ρ)∇F ×φ. The equatorial field strength |Bze| is dependent on the planetary equatorial field strength Beq and the size of the magnetosphere. Here we examine results of two models for Beq. The first is that employed by Nichols (2011a) , who took Beq to vary with the rotation rate of the planet as Ω 0.75 p , and we consider planets with Ωp/ΩJ = 1 and 3, i.e. representative of the angular velocities that might be expected of Jupiter-mass planets, thus corresponding to Beq/BJ = 1 and ∼ 2.3, respectively, where BJ is Jupiter's equatorial surface field strength. For comparison, we also consider a more massive planet with mass 10MJ , for which we employ the model of Reiners & Christensen (2010) , which is independent of rotation rate for fast rotating bodies, and for 10MJ yields Beq/BJ = 17. These magnetic field strengths correspond to polar electron cyclotron frequencies, and thus radio emission bandwidth, of ∼24, ∼54, and ∼406 MHz, respectively. The size of the magnetosphere is governed by pressure balance between magnetospheric magnetic field and plasma pressures on the one hand and stellar wind dynamic pressure on the other. Along with Nichols (2011a) we employ the empirical Huddleston et al. (1998) relation for subsolar magnetopause distance versus dynamic pressure psw, a quantity related to the stellar mass loss rate. Wood et al. (2005) have discussed a relation between stellar activity and mass loss rate per unit surface area. However, whether this relation holds for very active stars remains uncertain, and they showed that stars more active than the Sun exhibit values ranging between ∼0.01-100 times the solar value. Cohen (2011) showed that for the Sun no relationship between mass loss rate and X-ray luminosity is apparent, and attributed this to the fact that the solar mass loss is dominated by the fast solar wind originating from open solar magnetic flux, while solar activity is associated with closed flux. In the light of this uncertainty, and in the lack of in situ measurements of stellar wind densities and velocities we simply consider two stellar wind dynamic pressures, p sw⊙ and 100p sw⊙ . Once the plasma angular velocity profile has been obtained from equation 2, the density j i of the upward-directed auroral field-aligned current responsible for the radio emission is given by
This field-aligned current must in general be carried by a field-aligned voltage, which yields a precipitating electron energy flux given by
where E f • and j i• are the energy flux and field-aligned current that can be carried by unaccelerated precipitating electrons. The radio power Pr is then found by integrating this precipitating energy flux over the hemisphere and converting to radio power assuming a 1 per cent generation efficiency for the electron cyclotron maser instability. The maximum power was determined over the range 1 < (R orb /AU) < 500. The outer limit is somewhat arbitrarily large, but we note that exoplanets with semi-major axes of up to several thousand AU have been detected by direct imaging (e.g. Burgasser et al. 2010) . Finally, the spectral flux density F is determined assuming the emission is beamed into 1.6 sr (Zarka, Cecconi & Kurth 2004) with bandwidth equal to the polar electron cyclotron frequency.
Computed powers versus orbital distance for the different cases discussed above are shown in the SM, but in Figure 2 we show the maximum radio powers computed by the model versus LX for the different cases. For each case the results employing both terms in equation 1 are shown, along with those for only the stellar XUV term for comparison. First, comparing panels it is apparent that higher magnetic field strengths and faster rotation lead to higher radio powers. It is also clear that, as discussed e.g. by Cowley, Nichols & Andrews (2007) , higher dynamic pressure results in lower auroral current intensities, and thus lower radio powers, owing to the lower magnetosphere size. This effect also results in increased power with orbital distance, an effect which is, however, offset by the simultaneous decreasing of the conductance induced by stellar XUV flux. Considering then solely the effect due to XUV flux, the power reaches a maximum at an orbital distance that is larger for increased LX , resulting in increased maximum radio power as shown by the dashed and dotted lines in Figure 2 . Including the conductance contribution from auroral precipitation results in the power asymptoting to a finite value at R orb = ∞ instead of decreasing to zero, resulting in the flattening of the solid and dot-dashed lines in Figure 2 for low XUV luminosity. For planets with larger magnetic fields, the switch between regimes dominated by XUV-and precipitation-induced conductance occurs at increased LX , such that the power from planets with large field strengths are essentially independent of LX . In these cases the spectral flux density is instead strongly dependent on distance from the Earth to the star.
Two categories of target were considered in the analysis. The first is all F-M dwarfs within 25 pc (within error) which are known to host planets and have directly-or indirectly-measured values of LX , and the second is those with LX greater than 100 times the solar X-ray luminosity L X⊙ , irrespective of whether the star is known to host planets or not. We take L X⊙ to be the mean of the 0.1-2.4 keV full solar cycle range measured by Judge, Solomon & Ayres (2003) , i.e. 10 20.35 W. The threshold of 100L X⊙ was used since in the model of Nichols (2011a) stars with such high X-ray luminosities are required to host planets detectable from beyond 1 pc with the jovian rotation rate.
RESULTS
A total of 40 F-M dwarfs known to host planets have directly-or indirectly measured values of LX , while 51 have LX > 100L X⊙ . A complete listing of the results of this study is available in the SM, but in Tables 1 and 2 we show the top 10 results for stars known to host planets, and stars with LX > 100L X⊙ , respectively. It is first apparent from columns 6 and 8 of Table 1 that no planets of Jupiter's mass which rotate at the jovian angular velocity and orbit stars already known to host planets would be expected to be viable targets. The situation is improved somewhat for the faster rotating planets considered in columns 7 and 9, with 15 stars potential targets for detection of a planet with (Ωp/ΩJ ) = 3, reducing to 10 for 100p sw⊙ , although we note that most of Table 1 . Table showing the top ten potential targets for observing internally-generated exoplanetary radio emissions amongst stars known already to host planets. The major columns are the SIMBAD default name, the spectral type, the distance s in parsecs, declination in degrees, the star X-ray luminosity L X , and estimates of the maximum radio spectral flux density F . The L X column indicates whether the value is determined from direct ROSAT measurements (R) or indirectly from the Mount Wilson S-value (S) or chromospheric emission ratio R ′ HK (H). For each target, eight estimates of the maximum radio spectral flux density F are shown. Four of these employ the planetary magnetic field strengths used by Nichols (2011) , and four employ the Reiners et al. (2010) algorithm for a planet with mass Mp = 10M J . Each of these groups are divided into results employing solar and 100 × solar dynamic pressure values, and these are further divided into results employing two values of the planetary angular velocity normalised to Jupiter's rotation rate Ωp/Ω J . these stars are in the southern hemisphere. For the 10MJ planets in columns 10-13, 21 would be detectable with a solar wind dynamic pressure and jovian rotation rate, reducing to 4 for 100p sw⊙ , while for (Ωp/ΩJ ) = 3 all 40 would be detectable with solar wind dynamic pressure, reducing to 34 for 100p sw⊙ . The brightest target in the northern hemisphere is LHS 310. Considering now the targets listed in Table 2 , we first note that the nearest star is at ∼8.7 pc, i.e. further than the top 5 targets in Table 1 . However, for the regimes in which the XUV-induced conductance is not negligible (i.e. for columns 6-9, corresponding to panels (a) and (b) in Figure 2 ) the higher XUV luminosity results in higher radio powers, and thus higher spectral flux density for a given distance from Earth than in Table 1 , but otherwise, the pattern is similar. Thus, again, from columns 6 and 8, it is apparent that no planets with jovian mass and rotation rate would be detectable, but columns 7 and 9 indicate that 12 fast-rotating planets would be detectable with solar wind dynamic pressure, reducing to 4 for 100p sw⊙ . For the 10MJ planets in columns 10-13, 20 would be detectable with a solar wind dynamic pressure and jovian rotation rate, reducing to none for 100p sw⊙ , while for (Ωp/ΩJ ) = 3 all 51 would be detectable with solar wind dynamic pressure, reducing to 39 for 100p sw⊙ .
SUMMARY AND DISCUSSION
In this paper we have considered which might be the best targets for the discovery of internally-generated exoplanetary radio emissions. We have employed the stellar X-ray luminosity data available in the NStED database (now the NASA Exoplanetary Archive) to determine the maximum radio power available from M-I coupling due to outflowing internally-generated plasma for 2 values of each of the planetary rotation rate, mass, and stellar wind dynamic pressure. We have considered two categories of potential targets: all F-M dwarfs within 25 pc (within error) which are known to host planets and have directlyor indirectly-measured values of LX , and all those with LX > 100L X⊙ , irrespective of whether they are known to host planets or not. We have shown that up to 40 and 51 potential targets exist, respectively, for each of these categories with the actual number depending on the system parameters. In general, stronger planetary field strength, combined with faster rotation rate, higher stellar XUV luminosity, and lower stellar wind dynamic pressure results in higher radio power. The top two targets for each category are ǫ Eri and HIP 85523, and CPD-28 332 and FF And. All these are in the southern hemisphere. The top two northern hemisphere targets in each category are LHS 310 and LHS 3257, and V834 Tau and OU Gem.
It is worth mentioning that this model requires a number of elements in place to produce a detectable system, such that, while we have highlighted eight targets above, a wider survey of reasonable targets would increase the chance of discovering a system with all elements in place. It is also worth re-iterating that Nichols (2011a) highlighted a number of areas in which the model could be developed. For example, the model does not take into account the stretching of the magnetic field due to the centrifugal force and hot plasma pressure, shown recently by Nichols (2011b) to have a significant effect on the magnitude of the currents, and we have not considered at all the stellar wind interaction, which could be associated with significant emissions in Jupiter's polar regions (Waite et al. 2001; Grodent et al. 2003b; Nichols et al. 2009a,b) . Therefore, it should be noted that the list of the best targets for observation may be reasonably expected to evolve with future developments of the model. Finally, while we have not discriminated by multiplicity in this study, we note that recent observations by Doyle et al. (2011) have shown that exoplanets can exist around binary star systems. 
